INTRODUCTION
During the past few years, histone lysine (K) methylation has been viewed to play widespread roles in transcriptional regulation, DNA repair, and epigenetic inheritance (15, 32) . It occurs on histone H3K4, H3K9, H3K27, H3K36 and H4K20 in several studied eukaryotes. In general, H3K4 and H3K36 methylation is associated with actively transcribed genes whereas H3K9, H3K27 and H4K20 methylation is associated with transcriptional repression and silenced chromatin regions. Furthermore, K residues can be mono-, di-or trimethylated and the degree of methylation on H3K4, H3K9, H3K27 and H4K20 has considerable influence on transcriptional activation or repression (15, 43, 55, 63) . In comparison, methylation on H3K36 is less extensively characterized. In fungi, such as Saccharomyces cerevisiae, Schizosaccharomyces pombe and Neurospora crassa, a sole HISTONE-LYSINE-METHYLTRANSFERASE (HKMT) SET2 is responsible for mono-, diand tri-methylation of H3K36 (1, 35, 49) . In mammals, both the Sotos syndrome and leukaemia-associated protein NSD1 and the Huntington disease protein HYPB can methylate H3K36 in vitro (42, 50) . In Arabidopsis, the loss-of-function sdg8 (also named efs) mutants show a dramatically reduced level of H3K36 di-methylation and an early-flowering phenotype (25, 65) . Because of these phenotype-associated crucial functions, unravelling the mechanism of deposition of H3K36 methylation in mammals and in plants is of particular importance.
Proper timing of flowering is pivotal for the reproductive success of plants and thus is controlled by complex genetic networks, which involve histone modifications and chromatin remodelling. In Arabidopsis, the MADS-box transcription repressor FLOWERING LOCUS C (FLC) plays a key role in flowering time control (34, 46) . Both the vernalization pathway and the autonomous pathway act to repress FLC expression to induce flowering (6) .
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The vernalization pathway represses FLC expression through H3K9 and H3K27 methylation and binding to LIKE-HETEROCHROMATIN PRTOEIN 1 (LHP1) (5, 16, 28, 36, 51, 52, 58) . The autonomous pathway genes FLOWERING LOCUS D (FLD) and FVE repress FLC expression through histone deacetylation (4, 18, 23) . More recently, methylation on histone H4 arginine 3 (H4R3) by SHK1-BINDING PROTEIN 1 (SKB1) was also shown to repress FLC expression (57) .
FRIGIDA (FRI) encoding a coiled-coil protein is a potent activator of FLC
expression (19) . The zinc-finger protein SUPPRESSOR OF FRIGIDA 4 (SUF4) was more recently identified to form a complex with FRI in activation of FLC expression (24, 26) .
However, a functional FRI is missing in many rapid-cycling accessions of Arabidopsis, including the Columbia (Col) ecotype. Independent of FRI, the activation of FLC expression implicates processes of ATP-dependent chromatin remodeling and exchange of conventionalwith-variant histones in the nucleosome (8, 10, 11, 31, 33, 37) . Several genes encoding homologues of the yeast RNA polymerase II associated PAF1 complex, including FLOWERING 8) and ELF7, also promote FLC expression (17, 38) . The yeast PAF1 complex promotes transcription in part by recruiting the H3K4-specific HKMT SET1 and the H3K36-specific HKMT SET2 (29, 30) . A similar mechanism seems to be conserved in Arabidopsis because both H3K4 and H3K36 methylations at FLC are decreased in the paf1 mutants (17, this study).
VERNALIZATION INDEPENDENCE 4 (VIP4), VIP3, VIP5, VIP6/ELF8 (EAULY
Arabidopsis has five FLC paralogs, named MADS AFFECTING FLOWERING 1 (MAF1) to MAF5. Unlike FLC, MAF1 (also called FLM) functions independently of the vernalization and autonomous pathways, but is involved in the photoperiod pathway (45) .
MAF2 expression is insensitive to vernalization and MAF2 acts as a floral repressor to
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In this study we identify SET DOMAIN GROUP 26 (SDG26) as a novel regulator involved in flowering time control. We show that in contrast to the sdg8 mutants, the sdg26 mutants display increased levels of expression of FLC, MAF4 and MAF5 and show a lateflowering phenotype. More importantly, for the first time, we show that mono-, di-and trimethylation on H3K36 are differently deposited and that di-and tri-but not monomethylation on H3K36 associates with transcription stimulation of MADS-box genes.
MATERIALS AND METHODS
Phylogenetic analysis
The entire protein sequences were aligned using ClustalW multiple sequence alignment program and then optimized manually by removing poorly aligning regions, which leaves only the SET domain. The finalized file was subjected to phylogenic analysis using MEGA3.0 with bootstrapping set at 500 replicates. The resulting consensus tree was displayed using the TreeView program.
Plant materials and growth conditions
All Arabidopsis mutants are in the Col background. The sdg8-1, sdg8-2, vip4 and vip4-sdg8-1 mutants were previously described (65) . The sdg26-1 and sdg26-2 mutants correspond to SALK_013895 and SALK_075791, respectively, of the T-DNA insertion strains from the Arabidopsis Biological Resource Centre (ABRC) and Nottingham Arabidopsis Stock Center (NASC) (http://Arabidopsis.org). Plant growth conditions and flowering time measurements were performed as previously described (65) .
A C C E P T E D
Downloaded from
RT-PCR
RT-PCR was used in isolation of SDG8 and SDG26 cDNA as well as in analysis of gene expression. Total RNA was extracted from 2-week-old Arabidopsis seedlings using TRI Reagent (Invitrogen, Cergy Pontoise, France) and cDNA synthesis was performed according to the manufacturer's recommendation (Pharmacia, France). PCR amplification from cDNA template was performed using gene specific primers (see Table S1 for details of primers used in this study).
Recombinant protein production
The recombinant SDG714 protein was produced as previously described (12) . For SDG8 expression vector construction, the 5'-end (about 3.2 kb in length) and the 3'-end (about 2.3 kb in length) coding regions of the SDG8 cDNA were separately PCR-amplified using the primer pairs SDG8-RT5 with SDG8-M4 and SDG8-M3 with SDG8-RT3 (Table S1), respectively. The two PCR products were ligated together using the restriction enzyme XhoI site, and the resulted fragment was digested with EcoRI and SalI and subsequently cloned into the EcoRI and XhoI sites of pGEX-4T1 (Pharmacia, France). The resulting vector pGEX-SDG8 contains the entire coding sequence of SDG8 fused in frame with GST. The expression vectors pGEX-SDG8L and pGEX-SDG8S containing a partial coding sequence of SDG8 fused in frame with GST were obtained by PCR amplification of the cloned SDG8 cDNA using the primer pairs SDG8-A1 with SDG8-A2 and SDG8-B1 with SDG8-B2 (Table S1) , and subsequent cloning of the products into the EcoRI and BamHI sites of pGEX-2KT (Pharmacia, France). The expression vector pGEX-SDG26 containing the entire coding sequence of SDG26 fused in frame with GST was obtained by RT-PCR amplification using the primer pair SDG26-RT5 with SDG26-RT3 (Table S1) , and subsequent cloning of the
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In vitro HKMT activity assay
Histone methyltransferase assays were performed essentially according to Rayasam et al. (42) . Briefly, a mixture of 30-50µl containing substrate, enzyme, and 250 nCi S-adenosyl-[methyl-14C]-L-methionine (Amersham, USA) in the reaction buffer (50 mM Tris-HCl pH8.8, 1mM PMSF and 0.5 mMDTT) was incubated for 60 min at 37°C. For substrate, the free histones were purchased (Sigma), the mononucleosomes and oligonucleosomes prepared from Hela cells were gifts from Dr. Laszlo Tora and Dr. Yi Zhang, respectively. The reaction products were separated by 15% SDS-PAGE gel electrophoresis, visualized for total proteins by staining with Coomassie brilliant blue R-250 and for methylated proteins by autoradiography.
Plant expression vector construction and transformation
The plant expression vector pER8-YFP:SDG8 was constructed by PCR amplification of the entire coding sequence of the cloned SDG8 cDNA using the primer pair SDG8-RT5 with SDG8-Y3 (Table S1 ), and ligation of the resulting product after digestion with SpeI and EcoRI together with the EcoRI-XhoI YFP fragment from pEYFP-EYFP (60) into the SpeI and XhoI sites of pER8 (67) . Similarly, the vector pER8-YFP:SDG26 was constructed by PCR amplification of the entire coding sequence of SDG26 cDNA using the primer pair SDG26-Y5 with SDG26-Y3 (Table S1) and the resulting strains were used to transform Arabidopsis plants and tobacco BY2 cells as described previously (61) . Induction of transgene expression was performed with 4µM estradiol according to Zuo et al. (67) .
For rescue of the sdg26 mutant phenotype, the vector pCAMBIA-SDG26 was constructed by PCR amplification of the entire coding sequence of SDG26 cDNA using the primer pair SDG26-F with SDG26-R (Table S1 ), and subsequent cloning of the resulting product into the BamHI and XhoI sites of pCAMBIA1300. The SDG26 cDNA under the control of the constitutive 35S promoter from pCAMBIA-SDG26 was introduced into the sdg26-1 and sdg26-2 mutant plants via Agrobacterium-mediated transformation.
Microscopy
The epifluorescence and DIC images were taken using a confocal laser scanning microscope, Zeiss model LSM510 (Carl Zeiss, Jena, Germany) as previously described (47) .
Histone extraction and Western-blot analysis
Arabidopsis histones were extracted from 15-day-old seedlings as previously described (60), separated by 15% SDS-PAGE gel electrophoresis, and transferred to Immobilon-p PVDF transfer membrane (Millipore). Western blot was performed using the following antibodies:
anti-trimethyl-H3K4 (Upstate, 07-473), anti-trimethyl-H4K20 (Upstate, 07-463), antitrimethyl-H3K36 (Abcam, ab9050), anti-dimethyl-H3K36 (Upstate, 07-369), antimonomethyl-H3K36 (Abcam, ab9048), and anti-H3 (Upstate, 05-499).
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Chromatin immunoprecipitation
ChIP assays were performed as previously described (25, 65) . The antibodies against trimethyl-H3K4, monomethyl-, dimethyl-and trimethyl-H3K36 were the same as described in Western-blot analysis. PCR primers used in this study are listed in Table S1 .
Microarray analyses
Microarray analysis was performed as described (66 
RESULTS
SDG8 and SDG26 are histone methyltransferases
The was dramatically reduced in the sdg8 mutant plants (65), enzyme activity of SDG8 was not directly tested.
The SDG26 protein shows a high level of homology with SDG8 in the SET and its surrounding AWS and C domains, but is much smaller and lacks sequences from both the Nand C-terminal ends compared to SDG8 ( Figure 2A ; see Supplementary Figure S1 for sequence alignment). To test whether SDG8 and SDG26 possess HKMT activity, recombinant SDG8 and SDG26 were produced and utilized in in vitro HKMT activity assays.
The full length as well as two fragments of SDG8, SDG8L (residues 174-1284) and SDG8S
(residues 938-1212), and the full length SDG26 were tested as enzymes. As substrates, free histones and mononucleosomes were first successively used but both failed to show detectable methylation by any of the recombinant SDG8 or SDG26 proteins (data not shown).
Only when oligonucleosomes were used as substrates, methylations on histone H3 as well as on H4 were observed for the recombinant SDG8S and SDG26 proteins ( Figure 2B ). This activity was abolished when the oligonucleosomes were pretreated by incubation at 60°C 
SDG8 and SDG26 proteins are localized in the nucleus
The subcellular localization of SDG8 and SDG26 was examined by expression of YFP-fusion We conclude that the loss-of-function of SDG26 had caused the late-flowering phenotype.
The late-flowering phenotype of the sdg26-1 and sdg26-2 mutants is photoperiodindependent and can be effectively suppressed by vernalization ( Figure 3D ). These properties are characteristic of autonomous pathway mutants and subsequently define SDG26 as an autonomous pathway gene.
FLC and MAF genes are down-regulated in the sdg8 but up-regulated in the sdg26
mutants
The opposite flowering phenotype between the sdg8 and sdg26 mutants had not been predicted. To examine the molecular basis of the flowering phenotype, we performed RT-PCR analysis and compared the mRNA levels of FLC and MAF genes in the sdg8-2 and sdg26-1 mutant plants ( Figure 4 ). In agreement with previous reports (25, 65) , the expression levels of both FLC and MAF1 were found strongly reduced in the sdg8-2 mutant compared to wild-type plants. In addition, we found that the expression of MAF4 and MAF5 is also suppressed whereas that of MAF2 and MAF3 is unchanged in the sdg8-2 mutant plants. Very interestingly, the expression levels of FLC, MAF4 and MAF5 were found increased whereas 
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The sdg8 mutant plants contain reduced levels of di-and tri-methyl-H3K36 but an increased level of mono-methyl-H3K36
We analyzed histone methylation in the sdg8-2, sdg26-1 and vip4 mutant plants, first by
Western blot using antibodies specifically recognizing monomethyl-H3K36, dimethyl-H3K36, trimethyl-H3K36, trimethyl-H3K4 or trimethyl-H4K20 ( Figure 5 ). Both dimethyl-H3K36 and trimethyl-H3K36 were dramatically reduced in the sdg8-2 mutant plants. To our surprise, the monomethyl-H3K36 was increased in the sdg8-2 mutant plants. No change was observed for trimethyl-H3K4 and trimethyl-H4K20 in the sdg8-2 mutant plants. The levels of dimethyl-H3K4, dimethyl-H3K9 and dimethyl-H3K27 were previously reported also unchanged in the sdg8-1 and sdg8-2 mutant plants (65) . In the sdg26-1 and vip4 mutants, no change was detected for all the studied forms of histone methylation. Taken together these data indicate that in Arabidopsis the SDG8 HKMT is primarily responsible for the di-and trimethylation on H3K36 whereas for SDG26 HKMT and the VIP4-containing PAF1 complex no effects on the global level of H3K36 and H3K4 methylation could be observed. Table S1 ). The results are shown in Figure 6 . In the sdg8-2 mutant compared to the wild-type plants, the level of monomethyl-H3K36 was increased whereas the levels of dimethyl-H3K36 and trimethyl-H3K36 were decreased at all analyzed gene-specific regions.
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The level of trimethyl-H3K4 was unchanged. These data are consistent with the previous Western analysis and support the conclusion that SDG8 HKMT is specific for the di-and trimethylation on H3K36. In the sdg26-1 mutant compared to the wild-type plants, the levels of monomethyl-H3K36, dimethyl-H3K36, trimethyl-H3K36, and trimethyl-H3K4 all were unchanged at the analyzed gene-specific regions. We extended our analysis to more regions of FLC for different histone methylations. We found that the levels of monomethyl-H3K4, trimethyl-H3K4, monomethyl-H3K36, trimethyl-H3K36 and trimethyl-H4K20 were all unchanged at the studied FLC regions in the sdg26-1 mutant ( Figure S2 ). It is likely that in the sdg26 mutant the expression of FLC, MAF1, MAF4 and MAF5 was upregulated through a novel as yet unknown mechanism. In the vip4 mutant compared to the wild-type plants, the levels of dimethyl-H3K36 and trimethyl-H3K36 as well as trimethyl-H3K4 were decreased whereas the level of monomethyl-H3K36 was unchanged. This was the case for all analysed gene-specific regions excepting the region-u of MAF2, which showed unchanged levels of Taken together, our results show that di-and tri-but not mono-methylation on H3K36 associate with transcription stimulation of FLC and MAF genes. Nonetheless, changes of H3K36 methylation did not systematically affect levels of gene expression, e.g. decreased levels of di-and tri-methylation on H3K36 were detected at MAF2 and MAF3 whereas these genes did not show detectable changes of expression in the sdg8-2 mutant. It is likely that H3K36 methylation is not the sole determinant for transcription rate.
sdg8 has a pleiotropic phenotype and shows a degree of synergistic interaction with vip4
Besides late flowering, the sdg26-1 and sdg26-2 mutants did not show any additional visible phenotype. In contrast, the sdg8-1 and sdg8-2 mutants showed not only early flowering but also a dramatically reduced plant size and fertility ( Figure 7A ). An increased number of primary and secondary inflorescence branches were observed for the sdg8-1 and sdg8-2 mutant plants ( Figure 7B Figure 7H ). This defect is specific to vip4 and independent of sdg8-1.
Transcriptome analysis reveals overlapping and specific genes affected in the sdg26, sdg8 and vip4 mutants
To systematically examine and compare gene expression patterns of the sdg26, sdg8 and vip4 mutants at the global genome-level, we performed transcriptome profiling experiments using 'The Complete Arabidopsis Transcriptome Microarray' (CATMA) which contains 24576 genes of the Arabidopsis genome (9) . We choose to use 6-day-old seedlings for analysis because at this early stage plants did not show any visible mutant phenotype. We also reasoned that secondary transcriptional changes caused by SDG26-, SDG8-or VIP4-dependent differentially expressed genes would be minimal at this early developmental stage.
For comparison, the mutant and the wild-type seedlings were grown side-by-side under the same growth conditions. About 100 seedlings were collected and used to prepare each RNA Our first series of analyses identified 28 down-regulated and 123 up-regulated genes in the sdg26-1 mutant (Table S2) , and 88 down-regulated and 54 up-regulated genes in the sdg8-2 mutant (Table S3 ). It suggests that SDG26 is primarily involved in maintaining the repressed state of genes whereas SDG8 is primarily involved in maintaining the activated state of genes. Comparison of differentially expressed genes between the sdg26-1 and sdg8-2 mutants revealed only a weak overlap of genes regulated in the opposite or the same direction ( Figure 8A ), indicating that SDG26 and SDG8 independently regulate gene expression.
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From other series of analyses, we identified 92 down-regulated and 20 up-regulated genes in the vip4 mutant (Table S4) , and 84 down-regulated and 40 up-regulated genes in the sdg8-1 mutant (Table S5) . Fourteen genes were found to be down-regulated in both the vip4 and sdg8-1 mutants ( Figure 8B ). These data are consistent with the idea that VIP4 and SDG8 are primarily involved in maintaining the activated state of genes and act synergistically at some genes. Meanwhile, a large number of differentially expressed genes did not overlap between the vip4 and sdg8-1 mutants, unravelling the other aspect for independent function of VIP4 and SDG8 in transcription regulation.
Cross-comparison of differentially expressed genes between the sdg8-1 and sdg8-2 mutants revealed that about 50% of genes overlap and are regulated in the same direction ( Figure 8C ). It appears that the overlapping categories of differentially expressed genes are underestimated in our studies compared to the reality. This might be explained by the highly stringent parameters used in our analyses. The non-overlap of differentially expressed genes
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in the cross-comparison between the sdg8-1 and sdg8-2 mutants might also be explained by the less strict same growth conditions and by mutant allele differences. Indeed, sdg8-1 frequently shows very slightly earlier flowering and reduced seed production compared to sdg8-2. Further supporting the good quality of our analysis, FLC was found among downregulated genes in sdg8-1, sdg8-2 and vip4 but among up-regulated genes in sdg26-1 ( Table   1 ). This is in agreement with our previous RT-PCR analysis. MAF1-MAF5 sequences were not present on the CATMA chip, and consequently were not included in our transcriptome analyses.
Overall, no specific pathway, gene family or gene cluster is overrepresented in the list of differentially expressed genes in the mutants, supporting the hypothesis that SDG26, SDG8 and VIP4 contribute to general transcriptional regulation. The differentially expressed genes include some that are potentially involved in transcription, signal transduction, transport and metabolism (Table S2-S5 ). The overlap category of differentially expressed genes includes a few transcription factor genes and a higher number of genes involved in metabolism (Table 1 ). These identified genes will be useful for in depth characterization of the mutant phenotypes and the interaction of SDG26, SDG8 and VIP4 in transcription regulation. In yeast, H3K36 methylation is coupled to transcription by association of SET2
DISCUSSION
with the PAF1 complex and the elongating form of RNA polymerase II which is phosphorylated on Ser2 of the CTD (27, 30) . This association is independent of the conserved
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AWS-, SET-and C-domain but requires the C-terminal part of SET2. Sequence homology can be detected at the C-terminus between SET2 and SDG8 but not between SET2 and SDG26, which contains a dramatically shortened C-terminus (Figure 2A ). We hypothesize that SDG8 but not SDG26 acts similarly to SET2 in association of H3K36 methylation with transcription. This hypothesis is also supported by our following observations. Firstly, SDG8
like VIP4 (homolog of the yeast PAF1-subunit LEO1), was primarily involved in maintaining activation of genome transcription, whereas SDG26 contributed essentially to maintaining repression of genome transcription. Secondly, SDG8 and VIP4 synergistically regulated a number of genes. Finally, both SDG8 and VIP4 were required for di-and tri-methylation of H3K36 at FLC and MAF genes. Our current study did not detect changes of the levels of histone methylations in the sdg26-1 mutant plants. Future experiments will be necessary to examine whether SDG26 methylates histones at some particular genome regions.
A significant number of up-regulated genes were also found in the sdg8-1 and We believe that these modest changes of H3K4 methylation are secondary effects caused by the dramatically changed levels of H3K36 methylation in the mutants. Our current analysis extending to new regions of FLC and to MAF genes did not detect significant changes of H3K4 trimethylation in the sdg8-2 mutant, and thus failed to support SDG8 as a H3K4
HKMT. and sdg8-2 mutants compared to the wild-type Col. Table S1 . List of primers used in this study. Table S2 . Genes differentially expressed in sdg26-1. Table S3 . Genes differentially expressed in sdg8-2. Table S4 . Genes differentially expressed in vip4. Table S5 . Genes differentially expressed in sdg8-1.
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